Cells of Salmonella typhimurium strain SL 282, deflagellated by mechanical shear, regenerated their flagella in the absence of tryptophan, an amino acid required for growth but not found in flagellin. Ribonucleic acid (RNA) synthesis was severely inhibited by tryptophan starvation. These findings suggested that the messenger RNA (mRNA) for flagellin might be stable. Actinomycin D was used to inhibit RNA synthesis in ethylenediaminetetraacetate-treated bacteria. The introduction of an Flac episome into strain SL 282 permitted the simultaneous study of the synthesis of flagellin, f3-galactosidase, and total protein. In the actinomycin-treated bacteria protein and ,B-galactosidase syntheses were inhibited by 90%, whereas flagellin synthesis was unaffected. We conclude that the mRNA for flagellin synthesis is stable and that species of mRNA vary with respect to metabolic stability in S. typhimurium.
The experimental evidence that led to the discovery and the concept of messenger ribonucleic acid (mRNA) emphasized its metabolic instability. Two types of approach have been employed in the study of the stability of mRNA. One was based on the observation that inducible and repressible enzyme formation generally cease within a few minutes of the removal of the inducer or the addition of the repressor. The assumption was made that inducers and repressors affect primarily the rate of formation of mRNA but have no effect on the translation of the respective mRNA molecules. In Escherichia coli, the decay of the capacity to form f3-galactosidase after the removal of the inducer, isopropylthio-f3-D-galactoside, indicated a half-life of the mRNA of 1.0 to 2.5 min, depending upon the temperature of growth (6, 20, 21) . Similarly, the capacity to form histidase in E. coli after the removal of the inducer, histidine, disappeared with a half-life of 2.4 min (4). In a different type of approach, the decay of pulse-labeled RNA was followed in Bacillus subtilis at the same time that the further synthesis of RNA was inhibited with actinomycin D (13) . The results led to the conclusion that at 33.5 C the mean life of rapidly labeled RNA was approximately 2.0 min. 1 Presented in part at the 66th Annual Meeting of the American Society for Microbiology, Los Angeles, Calif., May, 1966 . 2 Present address: Division of Research, National Jewish Hospital, and Department of Microbiology, University of Colorado School of Medicine, Denver. It is clear that the results obtained in either type of study do not exclude the existence of mRNA which is metabolically stable and hence would not become radioactive during a brief exposure of the bacteria to a labeled precursor of RNA. In fact, the existence of such stable mRNA in bacteria is suggested by the finding that bacilli in which the synthesis of RNA has been blocked with actinomycin D continue to form the proteins required for sporulation (2) . The observation that penicillinase continues to be formed in bacilli treated with actinomycin D (22) is also explained most readily on the basis of a stable mnRNA.
The finding (7) that in Salmonella typhimurium the flagellar protein, flagellin, continues to be synthesized in the absence of tryptophan, an amino acid not present in flagellin but presumably required for cellular RNA synthesis, led us to explore the possibility that the mRNA that codes for flagellin is metabolically stable. The alternative possibility, that a close feedback connection between translation and transcription permitted the continuous synthesis of those species of mRNA which did not require tryptophan for their translation, was also considered. Since the initiation of the work reported here, Martinez (16) Assay of ,3-galactosidase. ,B-Galactosidase activity was assayed as described previously (19) .
Measurement of the synthesis of RNA. The incorporation of H3-uridine (New England Nuclear Corp., Boston, Mass.) into material that was not extracted by the boiling of the bacteria for 10 min in 0.05 M phosphate buffer (pH 7.0) was taken as a measure of the synthesis of RNA. Bacteria were resuspended in the mineral salts medium containing a source of carbon and devoid of the amino acid whose effect on the synthesis of RNA was to be studied. The bacterial density was adjusted to approximately 4 X 108 bacteria per milliliter, and the suspension was aerated at 37 C for 70 min. At that time, growth ceased due to the exhaustion of the required amino acid. H3-uridine at a final concentration of 0.0004 M, corresponding to approximately 2 X 105 counts per min per ml was then added, and 1-ml samples of the bacterial suspensions were pipetted at 20-sec intervals into 9 ml of boiling phosphate buffer containing nonradioactive uridine at a concentration of 0.004 M. The bacteria were boiled for an additional 10 min, collected by filtration through membrane filters (HAWP 02500; HA 0.45 ,u; 25-mm diameter; Millipore Filter Corp., Bedford, Mass.), and washed with five 2-ml portions of the buffer. The filters were dried, placed in vials containing 9 ml of scintillation solution [100 mg/liter of 1 ,4-bis-2-(5-phenyloxazolyl)-benzene (POPOP) and 4 g/liter of 2,5-diphenyloxazole (PPO) in redistilled toluene], and the radioactivity was determined in a Packard Tri-Carb liquid scintillation counter. In experiments in which actinomycin D was employed, the filters were glued to planchets and dried, and the radioactivity was determined in a Nuclear-Chicago gas-flow counter from which the end window had been removed.
Measurement of the synthesis ofprotein. The incorporation of C14-labeled L-leucine (Schwartz Bio Research, Inc., Orangeburg, N.Y.) or L-valine (New England Nuclear Corp.) into material precipitated by trichloroacetic acid was employed as a measure of the synthesis of bacterial protein. Bacteria were grown to a density of approximately 5 X 108 bacteria per milliliter in experiments in which flagellar regeneration was to be measured; they were deflagellated by mechanical shear in a Waring Blendor (2-min agitation). The deflagellated bacteria were then placed in media as described for the individual experiments containing the C14-labeled amino acid at a concentration of 0.0004 M, corresponding to approximately 105 counts per min per ml, and were incubated with shaking at 37 C. At appropriate time intervals, samples were pipetted into prechilled tubes co itaining chloramphenicol at a final concentration of 50 jig/ml. The C14-labeled bacteria were sedimented and washed with cold 0.85% NaCl solution; they were resuspended in the same solution. The bacterial suspensions were then divided into portions for the determination of the radioactivity of the intact bacteria, of the flagella, and of the deflagellated bacteria. One portion was boiled for 10 min; the bacteria were collected on a membrane filter and washed with five 2-ml portions of cold buffer. The filters were dried and the radioactivity was determined in a Nuclear-Chicago gas-flow counter. To the bacteria of the second portion, approximately 1010 washed bacteria, grown on a medium similar to the one described but containing the nonradioactive instead of the C14-amino acid, were added as carrier. The bacteria were then deflagellated as described above and the flagella were separated from residual cells by centrifugation at 5,000 X g for 30 min. The flagella were precipitated from the supernatant fluid by the addition of antiflagellar serum. Formalin to a final concentration of 0.3% was added, and the flagella-antiserum mixture was incubated at 37 C for 5 hr and stored at 4 C for 24 to 48 hr. It was then centrifuged at 15,000 X g for 30 min, and the sediment was washed in 0.85% NaCl solution followed by its resuspension in cold 5% (w/v) trichloroacetic acid. The precipitate was collected on membrane filters and washed with 10 ml of 5% trichloroacetic acid; the dry filters were glued to planchets, and the radioactivity of the isolated flagella was determined as described above for the intact bacteria.
Preparation ofantiflagellar antiserum. Flagella were detached by mechanical shear from 3.2 g (dry weight) of bacteria grown in nutrient broth containing glucose STABILITY OF mRNA IN S. TYPHIMURIUM animals were given 1-ml injections subcutaneously at 4-day intervals. Fourteen days after the fourth injection, the rabbits were bled and the sera were assayed for antiflagellar activity by quantitative agglutination tests. The optimal dilution for the precipitation of the isolated flagella was determined in preliminary experiments with C14-labeled flagella.
RESULTS
Synthesis oJ flagella in medium free from tryptophan. Figure 1 shows the incorporation of C14-leucine into a culture of S. typhimurium strain SL 282 after it has been starved of tryptophan for 70 min. The incorporation of the labeled amino acid corresponded to only about 10 to 15% of the incorporation observed in the nonstarved bacteria. The bacteria were deflagellated after starvation and prior to the addition of the C14-leucine. Figure 2 shows that the regeneration of the flagella occurred in the absence of tryptophan; this finding confirmed the earlier observations of Kerridge (7) .
Stringency of RNA synthesis. In view of the finding (3, 10, 25) of its specific mRNA. Experiments were performed to differentiate among these possibilities.
Absence of a precursor of flagellin. Chloramphenicol severely inhibited the incorporation of labeled amino acids into both deflagellated bacteria and into the flagellar fraction, indicating that the regeneration of flagella required de novo synthesis of protein. Bacteria were grown in a medium containing C14-valine, washed, deflagellated, and resuspended in nonradioactive medium containing 100 ,ug of chloramphenicol per ml. After 45 min of incubation, the bacteria were harvested and submitted to the deflagellation procedure (employing nonradioactive flagellated bacteria as carrier). No radioactivity was found in the flagellar fraction. These results support the conclusion of Kerridge (8, 9 ) that S. typhimurium does not have a significant intracellular pool of flagellin or of a proteinaceous precursor of flagellin. They differ from the findings of Martinez and Gordee (17) , who found intracellular pools of flagellin in B. subtilis and Spirillum serpens.
Effects of actinomycin D on the synthesis of RNA, protein, and flagellar regeneration. Actinomycin D has been shown to inhibit the synthesis of RNA in a number of bacterial species. Actinomycin D was therefore employed to determine whether or not the inhibition of RNA synthesis would lead to an inhibition of flagellar regenera- (Fig. 7) . Little can be said at present regarding the mechanisms at the basis of the metabolic stability of some, and the lability of other, species of mRNA in S. typhimurium. The possibility that the association of mRNA with other macromolecular species may enhance the stability of the mRNA is suggested by the finding of Aronson and del Valle (2) . These investigators showed that the stable mRNA that codes for the proteins required for sporulation in Bacillus cereus is bound to the cytoplasmic membrane. An association of the proximal end of bacterial flagella with RNA has been demonstrated (15). It is conceivable that the RNA associated with the flagella constitutes the message for flagellin, and that it is stabilized by its association with the proximal end of the flagellum.
Whatever the explanation for the stability of the mRNA coding for flagellin in S. typhimurium, it appears that in bacteria, as indeed in mammalian cells, mRNA is heterogeneous with respect to its metabolic stability. We are now engaged in a search for other species of mRNA that show metabolic stability in coliform bacteria.
